ABSTRACT Pitfall traps were used to monitor populations of ground beetles (Coleoptera: Carabidae) in plots of corn grown in continuous cultivation during a 4-yr period (2000 Ð2003). Treatments included transgenic corn expressing a Bt Cry protein with efÞcacy speciÞc against Lepidoptera (Bt), conventional corn grown with insecticide application (I), and the same conventional cultivar grown without insecticide application (NI). Mixed-model analyses of variance were performed on pitfall captures of beetles combined across weeks to give seasonal sums. Effects of corn treatment were not detected (P Ͼ 0.05) on total beetle abundance or species richness in any year. Effects of corn treatment on individual taxa were detected (P Ͻ 0.05) for 3 of the 39 species-by-year combinations examined. Effects of near signiÞcance (P Ͻ 0.08) were detected for an additional two species. In 2001, captures of Amara farcta Leconte and Harpalus amputatus Say were lower in Bt plots than in I or NI plots. In 2003, captures of Amara apricaria (Paykull) and Amara carinata (Leconte) were higher in Bt plots than in I or NI plots. Also in 2003, captures of Poecilus scitulus Leconte were higher in I plots than in Bt or NI plots. These patterns were not repeated among years. Results of this study indicate that cultivation of Lepidoptera-speciÞc Bt corn in southern Alberta does not appreciably affect ground beetle populations.
The global acreage of genetically modiÞed (GM) crops has increased Ͼ50-fold (from 1.7 to 90 million ha) in the 10 yr since their commercialization in 1996 (James 2005) . ModiÞcations to these crops primarily include herbicide tolerance and the expression of insecticidal proteins. Of particular relevance to this study is research on Bt corn (Zea mays L.). Bt cultivars contain one or more transgenes from the soil bacterium Bacillus thuringiensis (Berliner). These genes produce Cry proteins with insecticidal activity against herbivores feeding on the transgenic plant. Cultivars expressing Cry1 proteins protect against Lepidoptera and are effective in suppressing populations of European corn borer, Ostrinia nubilalis (Hü bner) (Lepidoptera: Crambidae) (Walker et al. 2000 . Cry3 proteins protect against Coleoptera. Most commercial cultivars of Bt corn provide protection against Lepidoptera, although some cultivars now are available that provide protection against Coleoptera (Vaughn et al. 2005) .
Nontarget species may be exposed directly to Bt toxin by ingesting tissues of transgenic cultivars or indirectly by consuming prey that have ingested such tissues. Effects of indirect exposure have been perhaps best examined for the lacewing, Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae). Caterpillars of Spodoptera littoralis Boisduval (Lepidoptera: Noctuidae) reared on Lepidoptera-speciÞc Bt corn contain the Bt toxin (Dutton et al. 2002) . Lacewing larvae fed these caterpillars suffer higher mortality than when fed caterpillars reared on nontransgenic corn (Hilbeck et al. 1998 , Dutton et al. 2002 . However, the toxin has no insecticidal activity against C. carnea (Romeis et al. 2004) . Hence, the enhanced mortality of lacewing has been attributed to an indirect effect of the Bt toxin on the nutritional quality of the prey. Results of Romeis et al. (2004) are not surprising, given the taxon speciÞcity of Cry proteins. Indeed, the available data show cultivation of Lepidoptera-speciÞc Bt corn to have little or no effect on nontarget populations of pollinators, earthworms, Collembola, or soil microorganisms (see reviews by Clark et al. 2005 , OÕCallaghan et al. 2005 , Romeis et al. 2006 ; and see series of papers in Environmental Entomology 34: 1178 Ð1376). However, knowledge gaps still exist (reviewed in OÕCallaghan et al. 2005) , and unanticipated effects of GM cultivars only may be apparent after several growing seasons.
Here, we report results of a 4-yr study to assess the effects on ground beetles (Carabidae) of growing Lepidoptera-speciÞc Bt corn in agroecosystems of southern Alberta, Canada. Ground beetles are useful biomonitors of environmental change in agroecosystems for several reasons. They generally are abundant and speciose in northern temperate zones (Thiele 1977 , Stork 1990 , Lö vei and Sunderland 1996 , Kromp 1999 . Large numbers of beetles can be systematically collected with little effort using pitfall traps. Species identiÞcation is relatively easy using taxonomic keys (Lindroth 1961Ð1969) . These keys and other sources (Larochelle 1990 ) provide general life history information on many of the common species. Assemblages of carabids typically are comprised of different trophic guilds (predators, herbivores, scavengers, and occasionally parasitoids) that should increase the likelihood of detecting perturbations in the environment. In addition, transgenes from Bt corn have been detected in several species of ground beetles (Zwahlen and Andow 2005) . This documents the transfer of insecticidal proteins from GM cultivars into these nontarget taxa.
Materials and Methods
This study was performed within the framework of a larger project initiated to assess the long-term effects of GM cultivars and their associated cultivation practices on the biodiversity of agroecosystems. The project was established on 8 ha of a uniform Þeld at the Lethbridge Research Center (49Њ42Ј N, 112Њ49Ј W), at Lethbridge, Alberta, Canada. Lethbridge is located in a region of dark brown chernozem soils, a mean summer temperature of 15.2ЊC, and summer precipitation of 176 mm (Strong and Leggat 1992) .
The experimental design of the overall project included 19 treatments organized within a randomized complete block design with four replicates (Fig. 1) . Ground beetles were collected in 2000 Ð2003 from three treatments of corn (Bt, I, and NI; Fig. 1 ). Treatment Bt was seeded with corn cultivar Dekalb DKC26 Ð 82. This cultivar is a near isoline of DKC26 Ð75 and expresses a cry1A(b) gene from Bacillus thuringiensis subsp. kurstaki to provide protection against the larvae of certain lepidopteran pests. DKC26 Ð 82 no longer is available. Treatment I was seeded with a conventional cultivar of corn (Dekalb DKC26 Ð75) to which insecticides were applied as needed. Treatment NI was seeded with the same cultivar of conventional corn but grown without the use of insecticides. Seed used for all three treatments was treated with the fungicide, metalaxyl. Treatments Bt and I contrasted two types of corn cultivars and their associated patterns of insecticide application in use by farmers. Treatment NI assessed whether potential differences between the Þrst two treatments were caused by the Bt corn or to insecticide application. All plots otherwise received the same inputs. Plots were seeded with a two-row planter at a density of 75,000 seeds/ha and a row spacing of 0.75 m. Planting and harvest dates and inputs of fertilizer, precipitation, and herbicides are reported in Table 1 Beetles also were collected from a treatment of wheat, Triticum aestivum L., (W) to test the rigor of the experimental design, but only in 2000 because of logistic constraints. Treatment W was seeded to a conventional cultivar of wheat (AC Barrie) at a density of 230 seeds/m 2 and a row spacing of 22.5 cm. Herbicides were applied as needed (Table 1) . Failure to detect differences between crops (wheat versus corn) would have indicated that the experimental design was unlikely to allow detection of more subtle differences expected within crops for treatments Bt, I, and NI.
Collections were made using two pitfall traps centered 7.5 m from each end of a plot (Fig. 1) . A 1-liter plastic cup was buried with its opening ßush with the soil surface. A second, 0.5-liter, cup with 100% propylene glycol for use as a preservative, was nested inside the Þrst cup. A sheet (15 by 15 cm) of hard plastic elevated Ϸ1Ð2 cm above the soil prevented rain Traps were emptied at Ϸ2-wk intervals with beetles stored in 70% ethanol. Beetles were identiÞed to species with reference to Lindroth (1961Ð1969) , specimens in the insect collection at the Lethbridge Research Centre, and veriÞcation of some groups by D. Shpeley (Strickland Museum, University of Alberta, Edmonton, AB, Canada). Voucher specimens were deposited in the main insect collection at the Lethbridge Research Centre.
Captures of beetles were combined across weeks to obtain season-long samples (n ϭ 8 samples/treatment for each year). Samples were analyzed to test for effects of treatment on total beetle abundance (i.e., all species combined) and species richness. These analyses were performed on untransformed data, which Shapiro-Wilk tests identiÞed as being normally distributed. Analyses also were performed on beetle abundance for individual species. Shapiro-Wilk tests identiÞed these latter values typically having nonnormal distributions. Hence, they were transformed as log(x ϩ 1) before analyses. Analyses on individual species arbitrarily were restricted to taxa represented in the data set by at least 50 individuals to reduce the likelihood of spurious conclusions.
Data were examined using mixed-model analyses of variance (ANOVAs) tests (PROC MIXED; SAS Institute 2004). Treatment was used as a Þxed effect. Block and the interaction between block and treatment were treated as random factors. Differences among treatments were resolved using least signiÞcant difference (LSD) tests (PROC LSD; SAS Institute 2004) with Bonferroni corrections. Values in the text and in tables are reported as the mean Ϯ SE of untransformed data.
Results and Discussion
A total of 13,319 adult ground beetles representing 39 species were captured during the 4-yr study. The average sample (n ϭ 104) was comprised of 128 beetles (range, 24 Ð327 beetles) representing 14 species (range, 7Ð24 species). As a percentage of the 4-yr total, the most common species were Pterostichus melanarius (27.5), Amara carinata (14.5), Poecilus corvus (11.2), and Bembidion quadrimaculatum (9.9). Most species were represented by Ͻ100 individuals. Seven to 14 species represented by at least 50 individuals were retained for ANOVAs each year ( Table 2 ).
The effect of crop was examined in 2000 by comparing samples among the four treatments (W, Bt, I, and NI). No effect of treatment (P Ͼ 0.05) was detected for total beetle abundance or species richness. Treatment effects on individual taxa were detected for A. carinata and B. quadrimaculatum, for which captures of both species were lower in plots of wheat than in plots of corn (Table 3) .
Having established that the experimental design sufÞced to detect differences between crops in at least some cases, samples were examined for differences among the three corn treatments. No effect of treatment on total beetle abundance or species richness was detected during the 4 yr of collection (P Ͼ 0.05). Treatment effects (P Ͻ 0.05) were detected for 3 of the 39 species-by-year combinations examined ( Table  2) . Effects of near signiÞcance (P Ͻ 0.08) were detected for an additional two species. Results for these Þve cases are presented in Differences among treatments likely developed within the growing season and probably were not the result of cumulative changes across years. Plot locations and their treatments were constant during the 4-yr study. However, crops were annually established and harvested with soil disturbances associated with seeding and cultivation. These actions largely would mask a carryover effect of treatment on beetle assemblages from previous years. Hence, the observed patterns were attributed to patterns of immigration and emigration among plots and grassy Þeld margins bordering the overall study site.
Causes are unknown for reduced captures of A. farcta and H. amputatus in 2001 or for enhanced captures of A. apricaria and A. carinata in 2003. Adult Amara and Harpalus commonly feed on the fruits and seeds of various plant species (Lindroth 1961Ð1969, Larochelle 1990 ). Such feeding could expose them to the insecticidal properties of the Cry1 protein expressed by the Bt corn. However, this protein should not have activity against beetles. Thus, direct exposure to Bt toxin does not explain the observed reductions in 2001. Adults and particularly larvae of these two carabid genera also feed on arthropods (Lindroth 1961Ð1969, Larochelle 1990 ). Hence, reductions might reßect the reduced availability of lepidopteran prey caused by cultivation of Lepidoptera-speciÞc Bt corn. This explanation, however, in inconsistent with increased captures of A. apricaria and A. carinata in 2003.
The greater capture of P. scitulus in plots with insecticide treatment (treatment I) was unexpected. However, similar Þndings have been reported elsewhere. Insecticide use increased recovery of Harpalus pensylvanicus DeGeer in plots of corn (Lopez et al. 1994) . As a consequence, assessments of treatments in small plots may fail to predict effects of these same treatments when applied on a commercial scale. We cannot exclude the possibility that a greater number of treatment effects would have been detected with plots of larger size. Ground beetles have an average straight-line walking dispersal of a few meters per day (Mitchell 1963 , Thiele 1977 and may cover much larger distances by ßight. Hence, random movement among plots may mask treatment effects. However, plots of 7 by 10 m sufÞced to detect treatment effects on ground beetles in response to different intercropping regimens in a study of similar experimental design at the Lethbridge Research Centre (Butts et al. 2003) . More recently, Prasifka et al. (2005) recommended use of plots Ͼ 9 m in width in studies of nontarget effects based on results for insecticidedisturbed plots. Plots in this study were 15 by 35 m, separated from adjacent plots by 3-m alleys and did sufÞce to detect at least some effects of treatment.
A recent review article lists 22 studies of varying scope performed in commercial or experimental Þelds to assess effects of Lepidoptera-speciÞc Bt corn on nontarget arthropods (see Table 3 in Romeis et al. 2006) . One study reported cultivation of Bt cultivars to consistently reduce captures of a wasp (Hymenoptera: Braconidae) parasitic on European corn borer . A second study reported cultivation of Bt cultivars to reduce densities of a predacious bug (Hemiptera: Nabidae), although deÞnitive comparisons were prevented by very low densities of the insect (Daly and Buntin 2005) . No other consistent effects on nontarget arthropods were reported in this body of literature. Results of this study are in accordance with these Þndings. Treatment effects were detected, but were few, showed both increased and decreased captures of ground beetles in plots of Bt corn, and were inconsistent among years. In the absence of additional data, cultivation of LepidopteraspeciÞc Bt corn in southern Alberta appears unlikely to adversely affect populations of ground beetles.
